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ABSTRACT

This document describes progress toward development of a general

capability for high resolution microwave surveillance and imaging using
large, sparse, self-cohering arrays. During the last year progress has
been made in unification of self-cohering techniques, and in development
of techniques for reducing the effects of the high sidelobes associated

S!.with sparse arrays.
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UP-VFRC-29-82 December 1982

HIGH ANGULAR RESOLUTION MICROWAVE SENSING

WITH LARGE, SPARSE, RANDOM ARRAYS

RESEARCH OBJECTIVES

The long-term objective of this research program is the development

of a general capability for high resolution microwave surveillance and

imaging. Fundamental to such a general capability is the ability to

cohere large, poorly surveyed possible flexing microwave arrays. Some

form of adaptivity, referred to in this document as self-cohering, is
required in order to form high quality beams with such arrays.

The specific objectives of the Drogram are:

1. To expand understanding of self-cohering arrays in a broad

range of applications.

2. To understand the effects of multipath and other propagation

phenomena on the operation of large, self-cohering arrays; to devise

system concepts for minimizing the degrading effects of such propagation

irregularities.

3. To understand the effects of jamming and other interference

phenomena on the operation of large, self-cohering arrays; to devise

system concepts for minimizing the degrading effect of these interference

phenomena.

4. To devise spatial and temporal signal processing techniques

which optimize the beam characteristics of large, self-cohering arrays

in the presence of noise, interference, multipath, and other degrading

phenomena.

5. To design and perform experiments to test the models, system

concepts, and theories developed in 1 through 4.

STATUS OF THE RESEARCH EFFORT

Prior to the initiation of AFOSR support, two techniques for self-

-" cohering were developed which use information external to the array

(beacon signals or target reflections) to aid in beamforming. Both

of these self-cohering concepts have been verified experimentally (at

L-band) at our Valley Forge Research Center test range.
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During the first three years of support by AFOSR, program effort was

focused on enhancing self-cohering capability, development of spread

spectrum and nulling techniques for reducing the effects of interference

on self-cohering of real and synthetic apertures, modelling the effects

of multipath on self-cohered beams and experimental verification of

these models, and on the development of advanced system concepts (ground-

based, airborne, and space-based radio cameras and forward-looking synthetic

aperture radar), on refinement of our self-cohering techniques compatible

with those system concepts, on hardware testing of self-cohering techniques,

and on the development of methods for enhancing the quality of microwave

images obtained through large, sparse arrays (1-31.

During the past year work has continued on experimental imaging and

data base development, on broadening of self-cohering capability, and

on image quality improvement. The present focus of the research effort

*is directed primarily toward image quality improvement in very sparse,

random microwave imaging systems, toward a study of the feasibility of

*\ large, sparse, random apertures using multiple vehicles, and toward unifi-

cation of self-cohering concepts.

Advantages of Large Self-Cohering Arrays

Extended study of the applicability and advantages of large self-

cohering arrays for a broad range of applications has discovered the

following potential advantages associated with those arrays:

1. Improvement in the range/power trade off in radar and communications

as a result of the high power-aperture product (owing to large size).

2. Improvement in resolution and tracking (or pointing) accuracy owing

to small beamwidth associated with large arrays.

* 3. Lowered probability of intercept and improved interference rejection

in communications, direction finding, and radar owing to the small

beamwidth associated with large arrays, and owing to the high degree

of null control associated with individual-element phase control.

Adaptively placed nulls can track moving interferers and ease sidelobe

level requirements.

-2-

L



4. Extension of the capability for high resolution searching and imaging

in either monostatic or bistatic operation. The technology for

self-cohering of large arrays complements the imaging capability of

conventional synthetic aperture radar (SAR) in two ways:

j a. It loosens the restriction associated with conventional SAR;

*1 specifically, it provides for:

i. Variable, loose-tolerance flight paths by means of adaptive

4signal processing.

ii. Reduced data rate through aperiodic data thinning.

iii. Reduced effects of propagation anomolies through use of

adaptive signal processing.

iv. Improved RFI suppression through adaptive signal processing.

b. It provides a real-aperture alternative to SAR for high-resolution

imaging.

i. No platform motion is required.

ii. Arbitrary array configuration is permitted owing to

individual-element phase control.

t iii. Tolerances are looser than conventional because of the

adaptive signal processing.

iv. Aperiodic or random thinning of large arrays provides

greater frugality than conventional large filled arrays.

v. Scanning is by sector (angle) as in conventional radar,

rather than strip mapping as in conventional SAR.

- W
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Self-Cohering Techniques

A general self-survey technique for self-cohering of nonrigid antenna

systems is described in [4). That work has been extended to synthetic

aperture systems and to near-field targets. The capability of the

technique has been demonstrated with real synthetic-aperture radar

data. The extended work is described in [5]. The purpose of the self-survey

ib to generate sufficiently accurate array element coordinates to permit

beamforming and imaging. The self-survey is essentially a phase multilateration

process. Phase measurements are made at each array element relative

to either a cabled or broadcast reference. One set of self-survey

equations applies to near-field bistatic receive-only arrays. These

arrays can be real or synthetic. In the latter case the self-survey

determines the sequence of positions of the moving receiver. A second

set of self-survey equations applies to near-field monostatic transmit/

receive arrays. Again, the arrays can be either real or synthetic.

The monostatic and bistatic equations are sufficiently similar that

essentially the same computer algorithm can be used for both cases.

The first tests with monostatic synthetic aperture radar data produced

element coordinates sufficiently accurate to permit nearly perfect

imaging of isolated targets. Additional radar data is presently being

analyzed.

Airborne Radio Camera

Following the doctoral dissertation on airborne distributed array concepts

16), we have proceeded to explore the requirements for an antenna element

suitable for flush mounting in the aircraft skin. Professor Moshe Kisliuk

from Tel-Aviv University is with us on sabbatical this year in order

to do this work. He is extending the theory of the lossy transmission

line to the microstrip-fed slot radiator above the ground plane. The theory

is partially complete. Following its completion, an experiment will be

conducted and a paper will be prepared for submission to the 1983 URSI Spring

Meeting in Houston, Texas.
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Imaging Experiments

Further progress has been made in two-dimensional, high resolution

imaging using a cable array. This array consists of a single time-shared

receiver moved along a 40 m cable that is hung between two towers 10 m high.

The radar transmitter is a modified Air Force equipment (AN/APS-102). It

radiates 60 nsec pulses 1,000 times/sec. The receiving equipment randomly

selects 200-300 of the received echo traces as the receiver is moved across

j othe cable. Our experiments have indicated essentially diffraction-limited

performance from this nonrigid structure. This excellent performance results

from our adaptive algorithm developed over the past few years. This work

has been submitted to the Proceedings of the IEEE. Figures 1 - 3 compare

images obtained by this equipment with optical photos of the same regions.

Based on our successful accomplishment last year in the use of the
algorithm on airborne radar ground clutter [7], we sought to test our cable

array system using targets of opportunity rather than an implanted corner

reflector. The imaging results proved exceedingly satisfactory. This work

will be reported in VFRC Quarterly Progress Report No. 42 [8].
N

Figures 1 and 2 compare 900 m x 240 mr maps of Phoenixville, PA,

5 km from the array. Adaptive beamforming was accomplished using a

target of opportunity, a smokestack 8.2 km from the array (not shown in

Figures 1 and 2). The radar map is a mosaic of twelve individual range-angle

plots each 300 m in range by 60 mr in cross-range. The total picture

contains 600 columns by 179 rows. The street map of Figure 2 was determined

by measuring on the aerial photograph of Figure 1, then modifying to allow

for non-parallelism of source-to-target radii for targets at different

cross-range positions.

Figure 3 compares images of another target, the Cromby power plant

some 8.2 km distant from the array. Part (a) is an optical telephoto

(from the antenna site) of the radar-visible features of the plant

(portion inside the delineated area); parts (b) and(c) are radar (range-

angle) images of these features. A 1.2 m corner reflector was used for

adaptive beamforming in (b), whereas a radar target of opportunity (the

northernmost smokestock of the power plant indicated by arrows) was used

in (c). Outlines of the power plant's major buildings and stacks have been

added manually to parts (b) and (c) to indicate the relative positions of

the radar-visible features.
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* FICURE 1. AERIAL PHOTO OF PORTIONS OF PHOENIXVILLE, PA.

FIGURE 2. RADAR MAP OF SAME AREA AS FIGURE 1.
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P (a). OPTICAL TELEPHOTO

FROM CENTER OF THE

RADIO CAMERA ARRAY.

PART (b). RADAR ImAGE. BEAM-
FOR!MER WAS A 1.22m

CORNER AEFLECTOR.

RART (c) RADAR IMAGE. BEAM-
FORMER WAS A TARGET
OF OPPORTUNITY. THE
ARROWS HERE AND IN

PART (a), ABOVE, IN-
DICATE THE IMAGE AND
PHOTO OF -HE SMOKE-

STACK TARGET T'SEF
AS BEAMFORMER.

F FIGURE 1.3 OPTICAL AND RADAR IMAGES 
,  'ANT
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Sidelobe Reduction by Interpolation

One of the major problems of large, thinned antenna arrays is the high

sidelobe level that results from the thinning process and the resulting

deterioration of microwave images. Several approaches to handling this sidelobe

problem are being explored. The conventional beamforming algorithm, which is

basically a Fourier procedure, assigns zero to all points of the radiation

field that are not sampled (due to the thinning). While the Fourier technique

is exceedingly robust, the imposition of zeros is a known error. We are studying

procedures for interpolation of the radiation field as a better means of its

representation at points where samples are not taken. Currently, we are

exploring maximum entropy interpolation both on the field samples as well as

on the autocorrelation estimates obtained from the field samples. To date, a

few dB improvement on the peak sidelobe level has been achieved [ 9,10].

The use of diversity techniques is another approach to the reduction

of the high sidelobes. Any technique which alters the details of the side

radiation pattern without altering its statistics is helpful. Thus if the moduli

of two radiation patterns having uncorrelated sidelobe patterns are averaged,

the peaks tend to reduce toward the average sidelobe level and the valleys

tend to fill in. Element position diversity is one such technique. Rearranging

the locations of the elements of an array decorrelates the sidelobe pattern

without changing its statistics.

A study has been completed on the efficacy of element position diversity

in large, thinned random arrays, and a paper has been submitted on the subject.

Asymptotic upper and lower-bound theories have been derived, and computer simula-

tion shows that these bounds are very good. We have found that element position

diversity is asymptotically efficient as the array grows large nII]. That is,

averaging of two patterns reduces the peak sidelobe by nearly 2 dB.

The theory of the applicability of frequency diversity to the side radiation

pattern also has been completed, and has been submitted to a journal. Both

-, coherent (wideband waveforms) and noncoherent (frequency hopping) techniques

have been studied. Asymptotic theories for high Q and low Q transmissions have

been developed and have been found to check the simulated results exceedingly

,'l i1121. The peak-to-average sidelobe level is approximately ln(L/X) for

high-Q uaveforms and in Q for low-Q waveforms.

• .I-I-



A nulling technique for imaging with a sparse (high sidelobe) array

was proposed and demonstrated in [13]. Theoretical development of that

technique is in progress. It appears that the technique will permit imaging

of targets with dynamic range greater than the mainbeam-to-average-sidelobe level

of the array. It has been shown that the adaptive techniques (adaptive

beamforming and self-survey) can be applied together with the nulling algorithm

to obtain defraction-limited images despite sparseness of the elements and

despite inaccuracies in element positions in a large array. The first report on

this work will appear in the Valley Forge Research Center Quarterly Progress

Report No. 42.

Image Feedback Control

The second major problem with large, thinned array systems is the

uncertainty in element position that inherently occurs in such systems.

While adaptive beamforming has proven exceedingly successful, it has been

our goal for many years to develop techniques which were free of the dependence

upon a reference radiating source. An important theorem by Muller and

Buffington discovered nearly ten years ago indicates that it is possible to

self-cohere a distorted aperture on the radiation field from an arbitrary

scene, provided that the sources within the scene are spatially incoherent

[14].

An examination of the optical image feedback process of Muller and Buffington

has shown that it depends fundamentally on the non-coherent nature of light.

Thus, the technique will not apply directly to coherent microwave radiation.

In order for image feedback techniques to work with microwaves, some information

regarding the nature of the target to be imaged is required. Such information

can come from use of beacons, from range gating of target returns, etc. Thus

the concept of image feedback is tied to the system design. This image feedback

-- research will continue throughout the grant period.

• i -9-
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tbrted tiny, the radiation pattern that remake from retrodirec- duaino h depth at &K wh wissalr
tive beamforming, and the loame that an develop In stay ain Fig. 2 shows two one*dlaemioud af rado ame imags
ae discuased in the next two sections. In the following section which Ilustrate the importance of a high quality beemiform-
bounds are calculated on the neceusary physical pioperte of in sooc.mes ohn O0imeodonal angi en we obtained
retrOdlret e synchronizing sources. The sour1Ces dicussed in- with a modified AN/APQ-l 02 rada operating in the synthetic
clide the passive reflector such as the corner reflector, the as-to apradio camera mode described in (61.171.* and (91.
tive beacon and radar ground clutter. Experimental onodi- The etay win approximately lineer. Its length was 40 m. It
mensional radio carnera images show how am sin con be coam of 200 Smple point locate at random Te radar
degraded by an imperfect netrodirectlve source. wa an X-bsn A(- 3 cm) set with S0 kw peak power anda

range cell of 9 m. The adaptve beam-forming sourm in the am-
Manuscript recod June 30, 1981; revse October1,. ig. Thk periment of Ig 2(a) was a 4 ft corner reflecto 5.6 kmn from

Swork was priucipely iopponted by the Office of Navel Resmach and the radar. 31 m more distant was a 2 ft corner refleo. The
,the Air Force Office of Scentific Reseach. radio Camera first self-focused upon the 4 ft reflsctr, then

The auflo Is wtt the Valley Forge Reseerth Cesur, Moore Shoo scanmed in angle and range to th. location of the smewle re
#of Electrca Engieerln Uafvudrv of Pemnulvanl, Fhlhdepble. PA

19104 and the Akborne Radar Basnch. Naval Reasarch Laaty fletor following whi t scanned IS angle acoes It to Pro-
SWaskington, DC 20375. duce the Image shown in Fig. 2(a). The ordinate Is In empli

00 1 -926X/82/1 100-40861100.73 C 1982 IEE
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Fig. 1. Phase synchronizing a badly distredf radio m stray n sahoes bor a point rudictor.
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L *14aood atcn oo fato-tcvo
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tude uite, anid the asieisin mlradimns from the dig- house was 0.74 e2a0.6rdMLTeomn witsf
don to the 4 croelctr.Te s section of the lusged 2 ft all lobes (main lobe and sidelobes) of a random way remain

n h y sdrandom any thory are the enn. hae" no firs-rder effet upon ary beamwidth.
f2b)shows the same target- Imaged by the m* equip- It is evident that the house was not a satisfactory target of

only difference is the bamforming source. The sourc in ftg anry. [atefollowing sections the conditions under which
*2(b) Is a house located 15.5 mnd to the left of the target and taret are satisfactory Sources are examined and bounda are

45 m from Itl angeou The resolving power of the ioument derived for their use.
Is not slualficantly altered but the mny gain Is reduced by 3.2
d3. LOSS IN ARRAY GAIN

Iht the say gan is seriousl affected by the properties of The radiation power pattern formed by the adaptive retro.
th sy achr sidog ce while the am beamwidth is not, Is diretiv proces is approximately a replica of the source fbnc.
predictable from random way theory (Si1. Amy pin is si- tion or scen that produces the incident radiation Said. Lot
dye to random phase errors emoss the army according to the sourc or scene be at distance R from the distorted my
9IfG@) - sip (-## 2 1 wheresh!(*} moexectation, aIs (Pig. 3). Let y be an axis through the scee perpendicular to

th 3m oe pin. Go is the gain In the absence of stoss, the direction of phase synchronization of the ary, which wMn
"d 00 i the phas-ero variane acion the amra. Expressed be called the reza.k Define the reduced anuSar variable v -
In decibels the loss in pin Is AG(dB) - 43. v1. Basned on da 0 wyiwhrtea* 0smauedfo tezxIa is
these equations It may be deduced that the phm varane aros caWe the sca angle. The source or scen s() prouce a
the amy after phase synchronizaedo on the ecoes from the radistion Odud alon the z-ais in the array (Frenel approzi-
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&all

F1. . hes~sefAbesd isat disae R het lbs auy. The ~
543k s 6is ths directioe of lbsn' *ue*re-sercs. The z. and
po. are purpsadlalr to the X-axis ani we is thesumes phao. 1I

InatlO3)Fig. 4. Types of syndwromif surcee pudwe reNOrsM amss bow-

S(z; R) - fa(aO.J(*u3-2/2R) du (1)ad bfid etr

whntexakA sP i*a oteZaWNw401 mltter. To calculate the .Ion ga in it is necesary only to rs-
wher th x-ulsals isperendculr t th :-xu.Now a late the phaseflront distribution to the scattere distibtion

a phase cornption operation such that the current exiain and thm deduce the gain lows from the phass-ron distortion.
in the array along the z-axis is the complex conjugate S*(x) of Fs tesate itbtowehro h emom
(1). The radiation pattern of the amny In the sounc region be. itrt oI the lmiatted clubto hter onathea beform.

comes armed to be random. which is a sufficient condition to esure
that the phase perturbations in the phasefront of the readia.

AM; ) -fS*Z~j~eA~W-X/2A dx(2) tion also ae random. Given this condition the loss in gain, in
f~u;RmJ~a~;R~ei~z~z22R~dxdecibels, is 4.3 a.2. Next, assume that a tolerable loss in am

which impul5s is I dB. Te phass variance allowed in the ph aefot is e* -

-k2j2 J~-kud 3 1/4.3 ad2 . Now assume that the target having radar crosec
S*(z;R)*~2 2  fr)f(haReW 3 du(3 odn ar radiates a a point source and that the clutter cros

section oc < or. Their echoes received at some arbitrary an-
by the properties of the Fourier transform. Equation (3) may tannn element in the arra arrive with abritrary Phase aand
20elewltten amplitudes ratio a - oc l 1  /2~I <1I. The phase erro-

-x2' ti- (a alaN a(+ e cot a)) is a zero mean random variable.
*S(z;,R) - 8 I~f(u;jeikxwu (4) Equating its variance to 1/4.3 lads to the condition 0- >' 2.5

OC. which guarantes" that the loss in gain WI aot exceed
towm which, by comparison with (1), it is evident that the tolerac.
adiation pattern f - s*or If I - Is 1, thus validating the open-
ag statement of this section. Now introduce a discrete sampinag TYM OF SYNCHRONIZING SOURCES
if the radiation field in the x-axis at locations x, and let the
dapttre circuits weight the N elements by w, S(xg; f). The Fig. 4 IMastates several types of synchronizing sources.
adlation pattern Shown on the ground as a corner reflector (CR), which is a

nssridmf beamnfornalng source, and a Iaru, prominent target

fe(a;RA)m f i S(X#;A)S(x X,)k(xNZ 2 /2R) dX of opportunity (TOO). Both are passive reflectors. Alsm shown
z PEI1 is an active beacon (3). The beacon can be airborne as well, as

IMateds by the one carrded in the remotely Piloted vehicle
(5) (RNV). The beamfosining target alo may be a reflecting sar-

-;an approximation to (2), the approximation being due to face on the target to be imaged (calWe a target reference (TX)),
ne discret sampling In the aperture and to its finite extent L. ab ilIlustrated by the larw speculer reflecting surface of the
1 (5) 6(-) is the Dlssoade function. Since the ay is not airplane target. Lastly, the beamfobrming souc can be disp
Aiey in the z-axis (S is not an exact explosion of the rais- tihuted clutter, echoe a is ilutrate for the Airborne radio

i on patter but is a close approximation in the angular neigh- caemn These three types of sources (pessive reflector, active
whood of the adaptive beamsformiag source. beacon and distributed clutter) are discussed separately in the

A further approximation Is made in the radio camera: ese subsections below.
fsamplitude of the radiation Oded must be needy consant

'-w, the source to approiximate a point source, kt is sufficient REhW
awey to phaseweight the elements in the ay by the omg- Not Only Maet the passivI rfltor have a larg enough
pto of the incident field and to Ignore its amplitude aria- radar cims sectio so that its echo dominates the phasefont
m~n of the radiation fied iluminat the aray, but Its phyica

OBased on this resanng it is sen that when vatious scater sinmus be small enough sothat Its reradiatiom is nerly
~g centers exist In the source region the gain of the adaptively planar or spherical. These two conditions place bounds on the
Limed beams will be reduced from its maximum poselble value acetable ite of a Passve ta-@t

te to the pin of the radiation pattern In the directions of The nominal lobe sIng of the radiation from a targot of
scattaerts. The scatterers may be pert of the synchnii. chu r is U. That this is so may be -e by considering struc-

treas in the case of the house (Fig. 2(b)), or they tate of dasple or known characteristics. For example, a flat

be clutter satterers in the patch Ilunaeted by the usa. plate reclector of lenigth r radiates a pattern having the uaa
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Iar characteristic sin (wTA)I(,Tu/), where u sin (0 - 00), TAILU I
B Is the agle measumed from the normal to the surfaes, and 00 MAXIMUM AND MINIMUM SIZES OF CORNER REFLECTORS
is the direction of maximaum mediation. The width of the ILLUEASS USTFR AN N *
main lobe is approximately /T, s is the spacing between LUT TIS
zero crominge in the remainder of the trdiatiof Pattam. ead A, (mn) *o A Wa At (rad %1L r,& (a 7g. W
Similarly, if the target contains two prominent smatarers of
equal strength spaced by r the mediation pattern bas the X 0.03 10-2 5 1/20 1/2000 0.25 S
form am (vWu). The zesu-crousing interval a WT. If th sat L 0.3 10-3 20 1/20 1/2000 0.61 S

ter s r of unequal strength the radiation pattern develops an
additive constant: but the -aala modulation period remains
the seine. Lasty. if a target consists of many anatterers of
radom amplitudes and locations within the interval T the
results wiU be similar. Let the scatterer distribution be a ampleTa

tins on the reflector. The radiation pattern is

( ZIeB(P -yi}S'y dy ~V s

sin (sTuA) -"

- amA(6) FIg. S. Rage depoedces on sin of passive reflector TandW bumcn
power PD.

where the asterisk means convolution. The second term is the
underlying radiation pattern of the collection of scaterars. bun"n it with (7) yields
The first terma is due to the truncation of Las random process; A
it is the Fourier transform of the window function represenin (2.s)\2a0ARS)1/4 < T< - .(a)
the extent of the taret-. The lobe spacing of S(u) can be no 2L
smaller than that of the syn function, which is W1. ADl three Table I illustates two cae of radars with beamwidtha of
examples indicate )4T to be a typical value of the lobe 3sacng. 1/20 rad or approximately 30. One haa a 3 cm wavelength and
A lobe width is about half this "adug, and It, aection a 5 mn range resolution. The other has a 30 cm wavelength and
at the atrny a distance Rt fom the target is XR/2T- Unless a 20 m range resolution. In each caset the design problem is to
the central portion of such a lobe encompases the entir asm ak th azimutha reslion 100 times finer through the use
moy the sed condition above Is not saefied. Honce, a mii of a large, distributed, receiving phased array. The adaptive
am condition for satisfactory beaifoming is beamfosmer is at a distance of 10 km in both cases Values of

AA XR as- 10-2 and 10-3 are assumed for the two wavelengths.
- > L or T < -- (7) The right: side of the table shows the maximum and minimum
27 2L sizes of corner reflectors that setdf the requirements de-

To satsf the first condition the radar ros section of the scie above.
adpiebeamformer must exceed the combined crs secgon ft expresses the bounds ae a function of range R. It is

ofada te scfwr nteilmntdpths st oiae evident that at short ran the mnium allowed se ex-
oflthe matterei inThe llumrcoscinate pac so A tohomnae ceeods tMe maximum allowed ms.e which means that adaptive
the - RAsROnis The cu te ac sectinse by tUherew beemsfogming cannot be accomplished with a passive reflector
Ac -e RAt i the iare ofteaith ilAnat y the ranengh at distances less than some minimum rage. The m inimum

and R is the distance from the transmitter. as is the normalized mg ston yeutn h ons
beckecatter coefficient of the terrain. The radar cross section R,,, _ (40L'X 2..~rARAO)113. (9)
of the targt or ATG, whereA r is the ProJected target are A tmeco

* ~~illuminae by the transmitter, and G is the win or directivity AcieBao
of the target mediation in the direction of the receiver. The The second phase synchronizing source is an active bas-
peak Oda of a flat plate reflector is 4.4I A2 and Its maxi- con triinered by the radar trananitter radiating a pulse we
mu *rca etonI r-4~21 which equab quenes of power Pa at a distance R from the wray. Isotropic

W fe a quae rflecor f sde . Slm te efecive radiation is smmed. The beacon power density at the array is
ane of a corner, reflector is that of the isnsbd equtada PM/4# 2 . The clutter power density at the ary is PrGo/
busexaon, its ae it Tl 2 /v and its radar cros section is ap- (4WR 2)2 where Pr is the radar transmitter power and CT is

t proximately T'x 2 . Rar cross sections of other standard the antenna gain I I1. The clutter cross section Ga, was given
S shapes; e well documente (101. in the subsection above. Combining these terms and requiring

B y asin the condition or ;0 2.S ev, derived eerlier, ad that the be aon signal exceed the clutter echo by a factor of
exprin -or and ac in terms of radar and target , Irameters, 2.5 or more results in the following condition on the beacn

U the lower bound on target d si sesy calculated for anY Powr
shape. For example, by using the Iast expression above for
Owe ar section the <nqalt 7M <2.5 @aAAAAD em- pq -viGA (10)
presses a Iower bound upon corner reflector target sife. Cown 1.6*t
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Wheras the required sie of the posulve tarpet graws with I-4 .
amap (see (8)), the minimum required bacon power Is in-
versey proportional to distance. This surprisng result is due
to the fact that the beao power density at the receiver suf-
fers an inverse square propagation loss whle the clutter power
decrease with the cube of ringe. Pj cannot decremee Inde-
finitely with range because the beacon sgnal always must ex- d
ceed receiver noise. Sased on the assumption th aeceiver
noise is independent from antenna-element channel to chan-
nel the receive signal must exceed the name by the same
factor of 2.S a it must exceed the clutter. The receive bee-

cnsignal power is P&Ajt/4xR2, where ARt is the effectivecunrpat i N id b
amof the entire receiving arry. Receiver noise power is Flu 6. Th chtnptc is do. wdi eto effyect~ive purc e.

kTNaro-bn wheren ks ihe Boetzmann' constces eTetv patc weeveidth& oh
Combninwhee xpressian'ons adst Ta rhecneiremea- To confine the mepne of the filter to echoes from the de-

upon beacon power: ired uubpatch isbandwidth

l1sR2kw W4F2

Thes equations also are plotted in ftg S. If the bacon is 4V X v
sslf-triggered (radar traninmitter turned off) the weak demand -- sin- sinG t- sin#. (13)
upon beamsnpower given by (10) vanishes. A~ U L

Due to the different reape dependenclee of the passve ta- fig 7 shows how the reference signa would be used.' One
get and the active bacon, the following general observation element is chosen a the reference element A narrow-band
may be made: filter (NIP) of bandwidth WV centered at the mean Doppler

e A TOO, which is required for sycrnzn a obl shift deliver. the reference signal to a bank of phase detectors,
radi casta ismos liely o b fond t ashot d ea sch aseociated with one antenna element. The clutter echoes

radi fom camera ar Osms ieyt efuda hr -rceive at eWa antenna element pas through a voltage-con-
tmnA fromd isatio adar.n mlntdsux h trolled phase shifter to the summer of the phased array. The
chAoixed intation becan usigera mned souherad e Thessf signal als I -e to the other input of the phase detector.
cher ofsu ativ fe co rilre by inlene byth The boa product is smoothed in a low pose filter and ap-

ter erss pssie relecor illbe iflunce bythe plied as the control voltage to the phase shifter. The circuit
distance from source to raodar (short range favors a p-- . a phaseock loop which drives the two inputs to the phase
save source and long rapg favors the beacon) deeco into a quadrature relaionshi. The loop responds to

Clutter sa aSynchronizing S" those components of the eement signal which Comreate with
the narrow-band referenice signL

Earlier it was shown that the beam pattern, following self- ig. 8 shows the clutter spectrum at an arbitrary element
cohering, approximates the source function that producee the and after paseg through the NIF. The chatter signal may be
incident radiation field, If the echoms are pnimarily from ch*t repreeeWtd by the sonm of M sinusoidal echoes of amplitudes
ter the pattern will approximate the angular clutter diatribu- a,, Doppler shifts f + f, where fd - 2 V cos 0A kis the mmn
tion Weighted by the pattern of the Munloating betan. it shift, and phase #,. The ag, f, and 0, are independent random
width, therefre, will be the saena that of the tranmitter, variables. In addition, there is a phase shift 90 due to the po-
andl no reeolution improvement will remlt. When the rou Sys sition of the element in the disorted arry; * ha the quantity
tern is airborne, howeve, echoe from scatterers within the to be corrted by the adaptive pro coCalng the clutter
pround patch may be distinguished from each other by their sina cQ), its equation is
Doppler shift; hence, narrow-band fitering of the recivd M
clutter echoes car' extract the reflectiols from loaa cetscoterund ,~r+of+#1 (4,within a sbpatch of the de1s,-Irewidth. The outpotof such a Ct ~o(a~~w~- J (4
filter can be used as aphaesynchronining refearence (5]. where w 2it The rference wavesthes- ofgK<V echoe

Fig. 6 shows an airborne radar moving with Woeed V Mni. haom the central portion of the ground patch. Ita waveorm ha
Snating a clutter patch with beamwbdt Af at distance R and at X
angle 9 from the pround trac. The recevin army of lengthLI r(t) at C cm (we + Wd + 4~)t + Oil (IS)
iassumed to be distributed on the airfame. The width of the
Autter patch RA8 - R/AM, a 4 L is the aperture of the radar IA membear chainb nea the .iIchnteahasmpiisf nraaitter, whereas the proper width cannot exceed AAL, mkner and load oesesr is haput ha eah chemaL, Cobenat dines.

r s derived In (7). Assuming that the aironft altitude is ES& III. Wn is 1eplisi- The Map is aimed to be ,se-iedby amapfrom so that the NB? repeed oely to metier.is gm MWe reap halualler than the range, the Doppler shift of an echo baa (R,- A * &Al- Sknuied A re a sn isausmed at fte sioospot peatWaatterar at samelo is 0( the phase det"ctoR. The aimbrii M tam ampen e - o Wide.
Is d Idhq b flierss havb m wn pagugmdst haueesis at th e lts

f*2cs/ (12) hatno "Wnadoopue -A siuea u(111.* (~2Voe~tA
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- 1/2~ 1W2, g aig that the scateer am SW-
tistcaily independent and have common statistics. Snc the

MWDoppler shifts and scatterer Phase wre ISPegnden from sca-
X teow to scatterer the avenage power in the WWWn term is the

su fthe component powers, each of which contributes

LPF By adding the dashed NI~s In the element channels the
number of scatterers in the clutter sopal J13) drops from M

**to9, which reducesethe variance to arv -mK(K -1)0IS
* * * The reduction in phase-noise power is the factor (M - 0)1

F~ 7 Rafsac sisent ni ne c~ sientis __ ( - 1) me MIX since the number of scattersts is lapg. This
-dor. l ~go p~ooce by0 d, wratioa n~ro osCWis 2LAOBA which is aPProximatey the ratio Of the clut-

Obtained fro urow-bad t. tor bandwidth to the filter bandwidth because random pround

and te transfomtion(12)from angl:tfe qecshfit

WA owe for =iall anglin, needly constant. This phas..noue power rM
duc&ion&act is exactly the angular resolution improvement

.1 ratdo, which can be very large. For example, consider an S-band
radar (X-l0 cm) with a3" beamwidth (4 - 1/20 rad)

NOW ora am aboard a 30 m ahucrft. The resolution Improvement factor is
-' 30, which mean that the reduction in the phass-noisa power

(a) in the PLL canbe aslapgeasIS dBwhen the NBFis added in
the loop.

In addition to the proper filter bandwidth (W3 the fre-
-1 ,- quency selectivity of the filter must ensuare that the clutter

power of the echoes passing through the central region of the
III filter exceeds the remainder by at leas a factor of 2.5, or 4
fe 16dB. Let the clutter power density spectrum be represented by

(b) CV) and the filter transfer function by 11(A) where the origin
Fi.L (a) Input clatter pean. (b) After narrow-bood taiten of the frequency variable f is taken at the mean Doppler shift

(Irss chmnnL fdg. Based on (12) and the asseuption above of a uniform
angular distribution of scatterers, CUf) is proportional to the

The mixer output is the product e(t) - c(tra(t), only the low probability density function of the frequency variable In (12)
frequency term of which pan through the low pos filter. Its ad the weighting due to the antenna pattern. The former can
output voltage is be shown to be proportional to ((2 VA9 .. J41- 1 /2 . The lat-

IM>X tar is the two-way antenna Pattern transfre frm sh angle

- a* (cag - Wt+of* ~+ *I wariable 9to the frequency wadiable f using (12). The required

2cog S12 +- 1; uc 1:CsIf C(f)l f(f)12 df
2 ;0 02.S. (17)

+ ot ot 01-(16) f'C(f) IH(f) 12 df
The dc output is (-t) -,K;'a (cooe4)/2 whe&2 is the mean2

sq weeho srength of the scatterers. Thus, the de control
olaefor the Phone shifter is proportional to coe*0. Since the SUMMARY

loop drive this voltage to two, the portion of the phase. A distorted phased array can be made to operate as a 411-
shifted element signal within the passband of the NBFis fiacinlmtda =f a compensating Phase shift is added
brought inoPhase quadrature wihtereference sigal m-i ahatnaeeetcanl hntedistortion is not
dependent of the anmy distortlon-lnduced Phan error$. This known a Priort the Phase correction must be based upon

proedue pefored n al ara-element Channels, resulting phasefront meas ets of the radiation from a source ex-
in the cophasing of their ignals. The reference signal channel tMISal to the aray. The 14ea Phase synchronizing sreisa

mybe added provided tha t I s shifted in Phase by ui'2. The point source radiating in free space. The phasefronts of realistic
Sam is the arra Output. Adding the NIP (shown dashed) in sourcee e perturbed, howsevr This paper discussed three
the IPLL improve both its acquisition and tracking character- typeo of practical source and Calculates the conditions under

* inics by reducing the Phane noise in the loop. The steady which their radiation Adeds ase acceptable for adaptive beam-
state Phase-eduor variance In the loop Is proportional to the forming.
variance Of (16) which is the power in the second term. That The moI important Source is a Passive reflector such as a
term condos of L(M 1 ) sinusoids of averag amplitude comne reflector or a larg target of opportunity. it is shown
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that bounds eist on the minimum and maximnum size Of ad an the frequency selectivity of its taer function 11(J
mah reflectors and that there is soine inimuhl distance be. It Is
low which the conditions cannot be met. The bounds on dee/
T when the synachronizing smumc is a coreer reflector and the C C(f) I f(t) I"df ;02.SF ~)Hf(d.(7
minimum rang Rs in ane ff 2~ )I1() 2d.(7

(2.S7eRAR )'I' R CL) in (17) is the clutter power densit spectrum.

jt,,,. (4L4X-1O&X~)1j3.(9) 1WEE 7Tuan. Aaaws Propegur.. vol. AP.12. s. 2. Mar. 1964.
R~bi (4L 4)~u AAB)' 3  ~Special Issue an Active earl Adeptive Auenn. (costas 13 paers

An active beacon is an excellent adaptive beamfouming ar nrdirectivityl.
~ Th reuird beconpowr dans' wih rags .- 12) R. C. Hamett. Ed.. Hdcreesv Scnning Aureumm. vol. 3.

sorceng Tohe relatio becnpwr3)ue it ag o New YorL: Acadmic, 194. (See ch by D. L Margerum.)
cordingto the elation1R. C. Chemoaff. -Laage uive rearedirective arrays for space

PrG70OAl plcaos IEE rai. Aarenw Propegat.. Vol. AP.27. so.
Pit ;a ' (10) 4. pp. 409-M9. July 1979.

1.69R [4) B. D. Staisbar3. -Desig approach for a hili-asolotion muicro-
WaSW iaging; radio cammi.- J. FrerAlia law.. vol. 29. no. 6. pp.

until each a ranga is reached at which receiver noise competes 41S-32. De. 1973.
with the beacon signal Beyond that range the beacon power (sI --. Pcp~ir aj Apfrr .d Arrey synau Design. Noew
must increase with distance according to York: Wiley, 1976.

2 (61 B. D. Steinberg. E. N. Powers. D. Cadlsoe. R. Meaghe. Jr.. R. S.
IOwIt2kTBF Berk.owitz. C. N. Dormy. and S. H. Sesoia. "Fr experimentalpa ;1, 0 ~~1) ~ faotIto doe Valley Forge radiocao rgme-Pc.IE

Ajt pp 1370-1371. Sep. 19M.
It bs also possible to use chatte echoes to phase synchro- (71 B. D. Steinberg. -Radar imaging; fromo a distaied umney: The radlio

nize a dimmored eay provided that the radiation froma Met- came algoridm 'and experimeas." IEW Thra. Anaine
term located at different angular positios in the pround Pm'pip... pp. 740-748. Sep. 1981.
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VI

Distributed Airborne Array
Concepts INTRODUCTION

Radar performance in noise and jamming is a
monotonic function of the power-aperture product [i,
21. This paper evaluates the improvement in radar
performance due to increasing the aperture size of air-
borne radar by distributing antenna elements or small
subarrays throughout large portions of the skin of an
aircraft. The performance measure adopted is signal

, NBfRG. Fellow. IEEE to receiver noise ratio (SNR) and its equivalent, detec-
, LLLe tion range of targets in noise.

-r The critical technical problem is that of overcom-
ing the distortion in such a phased array due to the
nonrigidity of the skin and airframe. This problem is

w d deled raw e tointroduced (but not solved) in the paper, and a discus-
e .,esion of other difficult technical problems is presented.

dIbN,,iu g A iUUs array 5', .-%o4u the airframe a" ski of The problem of nonrigidity must be overcome by a
- irlit i ctmisl. SNP gtUM fe tiam syst c nIum- retrodirective [3, 41, self-adaptive technique [5, 6, 71

tUiW pe d aid c -'h anai its r amtdlcll, based upon echoes from land or sea clutter.
=eo@is a". Ubapl glis in !he naees Alw detetion In addition to enhanced SNR and detection range,

wnecrelma U lae m a factor of 4. Ture atles posua increasing the size of the aperture to include all or
siesasaga of ** dutled array are a. imuce is swatia sigul most of the airframe offers the advantages associated
precelas capltbgy, a. inmpweveem azim.ul raoiulhlal, a with small beamwidth.
a pe rlleti i t r pwer for fixed rar per.r- One important advantage has to do with protec-

sene so to reduce the pallao of iffi tion against jammers that are close to the axis of the
beam. Rejection of jamming energy by low sidelobe
design or adaptive techniques such as coherent side-
lobe cancellation and adaptive nulling 18-121 are
known and useful techniques. Main lobe jamming,
however, is not suppressed without hazarding the sup-
pression of target return. Increasing the size of the
aperture reduces the width of the main lobe and
thereby reduces the minimum angular separation be-
tween target and jammer at which sidelobe suppres-
sion techniques can operate.

A second advantage of the reduced beamwidth is
the enhanced potential for target counting and
classification.

An additional value of the improved detection per-
formance is the possibility of a drastic reduction in

transmitter power for a given performance so as to
permit the successful design of a low probability of
intercept radar.

The paper focuses upon the SNR performances of
, Manuscript received September 5, 198(k. revised April IS and three airborne distributed array systems as compared

Setember 14. 1911. with that of a conventional radar with a modest sized,

Tiis work was supported by the Air Force Office of Scientlfic confined antenna used both for transmitting and
Research under Ormnt AFOSR-75-36a. receiving. From the parametric relations that are

Authors' address: . SteInberg, Valley Forp Research Center. developed, the conditions which produce superior
Moore School of Electrical Engineering, Philadelphia, PA 19104; detection performance can be determined. Generally
E. Yedi. Iulerspec Inc., Philadelphia. PA 19104. speaking, it is found that the larger the aircraft and

Vthe shorter the wavelength, the greater the potential
- benefit. In one X-band design a potential increase in

1T42SA/C2/0 2S9 3O.7 A 192 IEEE detection rLge by a factor of 4 is reported.
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NOMENCLATURE antenna is assumed to be equal to the desired eleva-

P Average transmitted power in watts.

G7 Transmitter antenna gain. DISTRIBUTED RECEIVING ARRAY AND HIGH
An Receiving antenna area in meters squared. GAIN ROTATING TRANSMITING ANTENNA
A Wavelength in meters.
TO Integration time in seconds. Fig. I shows how the reference system is modified.
o Target cross section in meters squared. The high gain rotating antenna is retained but is used
R Target to radar distance in meters. only for transmission. The receiving system is a
k Boltzmann's constant (1 .38 x 10-23 joules per distributed array; a fuselage array is depicted in the

degree Kelvin). figure. It consists of N receiving elements distributed
T Reference temperature (290 degrees Kelvin). in a band along the length of the fuselage. Let the
M Total system and propagation loss factor (in- length of the fuselage be L and the width of the band

cluding receiver noise figure, integration loss, be W (e.g., L and W for a Boeing 707 are approx-
antenna efficiency loss, filter matching loss, imately 45 m and 2 in). The receiving array is
etc.). Subscripts are used in the text to distributed along the aircraft surface forming an aper-
distinguish between the systems. ture of length L 0, D; hence the receiving beamwidth

e Azimuth beamwidth in radians. is much smaller than the transmitting beamwidth. To
9. Azimuthal surveillance sector in radians. prevent diminishing the number of hits per target, the
* Elevation beamwidth in radians. signal processor simultaneously forms a group of ad-

Elevation sector in radians. jacent receiving beams to fill the transmitting main
D Width of high gain antenna in meters. beam. The number of receiving beams will be 9r/9.
L Length of aircraft in meters. = LID, where 8, is the transmitting beamwidth and
W Width of strip available on the fuselage for 8. is the receiving beamwidth. The elevation beam-

the distributed antenna array in meters. width of the receiving array (A/W) is usually much
Deployment efficiency (fraction of available narrower than the required elevation coverage +,.
fuselage area used as electromagnetic Hence WI./A receiving beams in elevation must be
transducer). formed to cover the desired sector ,.

T. Scan time in seconds. Number of Receiving , ems
N Number of antenna elements.
P. Average power radiated by individual element The element radiation pattern should cover the

in watts. desired surveillance sector of the radar. Therefore it
A. Element aperture in meters squared. should have a beamwidth of 6, in azimuth and +. in

elevation. The width and length of each array element

MONOSTATIC RADAR WITH ROTATING are, therefore, D, = A/8. and D, = 1/+., respectively.
TRANSMIT-RECEIVE ANTENNA The fuselage area available for deploying the elements

is L W. If we assume that a fraction n < I of that
This is the reference system against which the area is used for the electromagnetic transducer, then

distributed antenna systems are compared. Examples the number of antenna elements in the fuselage array
are the E-2 and E-3 airborne early warning (AEW) becomes
systems. The integrated output SNR is given by 121

N = ni L W/D,D2 = 'L WO.+./A". (3)
SNR ! r = PGrAxoTo/(4n)R 4kTM. (1)

Equation (3) is evaluated for two different air-
The azimuth beamwidth e AiD. The antenna crafts and the results are given in Table 1. One

-. gain is given by Gr = 41/@+ i 4nD/A+. The receiving airplane is the Boeing 707, a large aircraft which
antenna area is given by A = ADI. It is assumed could serve an AEW function; the other is a smaller,
that the integration time T. is equal to the time on high-performance aircraft such as the General
target (time during which the target is illuminated). Dynamics F-16. L and W for these aircraft are ap-
That time is less than T. by the ratio of azimuthal proximately 45 m and 2 m, and 10 m and I m, respec-
beamwidth to 2w, or To A AT.I2itD where the scan tively. In both cases q - 0.5 is assumed. Taking the
time T. is the time for a mechanically scanning anten- azimuthal surveillance sector 0 - 2 rad and the re-
na to rotate 2n rad. Making these substitutions yields quired elevation coverage .! rad, the number of

elements is shown in Table I.

r = PtoDT,/8 2~4aR 4kTM, (2) The SNR is derived by substituting the proper arear -A in (1). A is given by NA.. The effective element

where the subscript I has been given to M to area A. is given by A*l+,.,. GO is given by 4wD/I. N
designate system I. The elevation beamwidth + of the is given by (3), and T. by AT/2RD. Substitution yields
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r = nPoL WT./g8nr .R'kTM1. (4)

It is interesting to observe from (4) that the signal a L I

to noise power ratio is not affected by the transmit- *ISM . .P M A

ting azimuth beamwidth. This is true provided that --- - w

the beamwidth does not get so large that it is no
longer possible to integrate coherently across the
beam. In that case integration must be partially Fig. I. Distributed receiving array and high gain rotating transmit-
coherent and partially noncoherent, and the integra- ting antenna.
tion loss increases, a factor affecting the performance
of system !11. This is discussed numerically in a later TABLE I
section. Also discussed there are the relative beam- Number of Elements Deployable Along One Side of the Fuselage. n
shape losses. Another relevant factor in comparing the -0.5
systems is that even though the SNR might not be in-
fluenced by azimuth transmitting beamwidth, the Wavelength (m) Aircraft N
number of receiving beams is affected by the beam-

0.3 Boeing 707 l000
width; hence the size of the transmitting antenna af- 0.1 Boeing 707 9000
fects the complexity of the signal processor. 0.03 General Dynamics F-16 I1000

DISTRIBUTED RECEIVING ARRAY AND LOW
GAIN NONROTATING TRANSMITTING to W12. When the transmitting array is focused on a
ANTENNA target the total electric field is E = N E. and the total

average power density is W = N3 W.. Therefore the
In this design the high gain rotating transmitting SNR at the receiver is

antenna is eliminated and one of the array elements is
substituted as a low gain, wide beam transmitter. The r = (N 2P.G.)o(NA.)o/(4n) 2R

4k TM (6)
azimuthal width of the transmitting antenna pattern
becomes equal to 6.. Its elevation beamwidth +. is un-
changed. Therefore, G, = 4n/,O,. The receiving where NA. is the total receiving aperture and T- is the
antenna is formed from N such antenna elements, integration time. In this design electronic scan in
Therefore, A = NA. = N1/e9*. Substituting (3) azimuth and elevation for both transmit and receive
for N yields A = iL W. beams is required. The ratio T,/T' is equal to the

To achieve the maximum integration gain, the number of transmit-receive beams within the
signal processor simultaneously forms a group of ad- surveillance sector G., +.. Therefore 7r =
jacent receiving beams such that the azimuthal sector A'T,/L WS.+.. For this design integration losses can be
covered by the receiving beams is the same as that of ignored since re 4 T. (Care must be taken that To is
the transmitting pattern. Hence, the integration time not less than one interpulse period, however, a condi-
T. will be longer than in designs I and II, which com- tion which the equation above may lead to at the
pensates for the low gain of the transmitting antenna. shorter wavelengths. In such a case T. must t:
The relative efficiencies are discussed in a later sec- lengthened or the other parameters decreased so that
tion. As a result of the increased integration time, the at least one hit per target is available to each beam.)
integration loss also will be increased. M3 can be used The gain and aperture area of an element is the same
to indicate this increased loss. As in system 11, W./IA as O, A. in design III. N is given by (3). Hence NA.
receiving beams in elevation are formed simultaneous- = aL W and 7. = q T/N. Making these substitutions
ly to cover the desired sector +.. For generality the yields
transmitter power will be indicated by P'. Making
these substitutions results in r - q1NPoL WTV4xO,4,R+ kTM,. (7)

r - rP'oL WTo4x8.*.R4kTM,. (5) SNR IMPROVEMENT FACTOR

DISTRIBUTED TRANSMITTING AND The ratios of (4), (5), and (7) to (2) are the relative
RECEIVING ARRAY SNRs of the three distributed array systems to the

Hdnconventional, monostatic radar. This ratio, designated
Here it is assumed that each element transmits and the relative gain or improvement factor I. is given in

receives. The average power transmitted per element is the first column of Table 11.
P. and the element gain is G.. The average power den- The second column of Table 11 is based on four
sity at the target due to a single transmitter element is assumptions: 1) the angular sector 9. is assumed to be
W. - P.GO.4WR2 . The electric field E. is proportional about 2 rad; 2) the required elevation coverage is
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For the purpose of this analysis it is assumed that
the conventional design (system I) has a pattern loss

TABLE 11 of 1.6 dB (0.8 dB for transmission and 0.8 dB for
SNR Gains of Systems I1. Ill, and IV Relative to System I reception).

Design II, using the mechanically scanned
SNR Improvement Factor I transmitting antenna and the electronically scanned

Special Case. 6. - 2 rad.+. = multiple narrow beams for recIving, has the same
I rad, T; - T., P'/P modulation effect both for transmitting and receiving.

System General Cae NP,/P . 2, Therefore, the pattern loss for this design is the same
as that of system I.

If nU,*.L WJ/M,AD uiML W/MD System IIl also uses multiple receiving beams.

III 2u9*,P'T .LWM,.T.AD nMLWIMD Here the receiving beams are stationary, but since

IV 2*AfMNP.*.L WtMJA.D I*ML WJU.D they are very narrow, aircraft and target motion cause
target echos to move through several receiving beams
during the integration time. This is equivalent to scan-
ning the receiving beams over the target. Therefore a

about I rad; 3) T; = T, which implies that the rate pattern loss of 0.8 dB for reception is assumed.
at which target data are delivered to the user is the The broad transmitting beam in system III also is
same for all systems; 4) P'/P = NP./P = ,/2n, stationary. Its power pattern GT(+) is angle dependent.
which implies the use of the same power per angular Its maximum value is at 0 = 0 and it drops by 3 dB
sector for all systems. It is seen that for all distributed for 8 = ± s/2. The beam-shape loss for this case is
designs I increases linearly with L W+,IAD. L W is the defined as the additional SNR required to maintain
fuselage area (one side) and AD/4, is the aperture of the same average probability of detection P, as for the
the conventional fuselage area (one side) and AD/+. is loss-free case.
the conventional antenna used in design I. L W+./AD. The SNR depends linearly on G7(0). Since Pd is a
therefore, is the maximum potential increase in aper- function of SNR, it also is angle dependent, i.e., P,
ture. Sincen is the fraction of the fuselage area used = g(O). If we assume that targets are uniformly
to deploy the elements, j7L W+./AD is the factor by distributed in angle throughout the surveillance sector
which aperture increases. It is shown later that system 6,, then the average probability of detection is given
losses M3, M., and M. are larger than the loss A, of by
the conventional design (i.e., the fractions M,/Mb
M,I/M, M,/M, are smaller than unity). Hence the
aperture gain L W4,/+AD must be significantly higher P 0' .t,2 g(9)do. (8)
than unity to make the distributed designs attractive.

It is further assumed that in the interval - Os/2 < 0 <
Os/2 the one-way power pattern and, therefore, the

RELATIVE SYSTEM LOSSES SNR can be approximated by a constant times
cos(2n9/20.). The nonlinear dependence of P, on

The parameters A/M,, M3/M,, and A/M, repre- SNR is calculated in many radar handbooks for dif-
sent total system and propagation losses for designs ferent false alarm rates. By using P, (SNR) given in
II, 111, and IV relative to the conventional design 1. [1, ch. 2, fig. 41, (8) was evaluated. For a 2 rad
The contributions to the system loss are compared surveillance sector and a constant probability of false
below. Propagation losses are unaffected by choice of alarm of 10-' it was found that an SNR of 14.3 dB is
design. required to achieve an average probability of detection

of 0.9. Comparing that with the required 13.2 dB
BasN*-Skape Lor SNR associated with the loss-free case and the same

probability of detection, it is concluded that the
As the beam scans over a target, the echo pulses beam-shape loss for transmitting is 1.1 dB. Therefore a

are modulated by the antenna pattern. reaching the total of 1.9 dB beam-shape loss is assumed for design
maximum value only when the beam points directly at [I.
the target. Blake 16,17) showed that antenna modula- Design IV involves two dimensional scanning for
idon represents a loss of SNR of 1.6 dB for an anten- which the loss is 3.2 dB provided that there is more

na ,cannng in one dimension and a 3.2 dB loss when than one hit per scan. In addition, the transmitting
a pencil beam is used to scan in two dimensions. gain for each element has the same angle dependence
When the number of hits per scan is very low, the as in design 111. Therefore an additional loss of 1.1
average los will increase because the target might be dB is added. A total beam-shape loss of 4.3 dB is
seen only at the edge of the beam. The pattern loss mumed for this design. Based on this analysis the
for these cases are liven in 1181. estimated relative (to design I) beam-shape losm are 0
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dB, 0.3 dB, and 2.7 dB for designs 11, 111, and IV,
respectively. TABLE II

SNR Gains in Decibels of Systems Ii. i11. IV Relative to System I
lntegration LoS Due to Enlarged Aperture of Distributed Array

The integration losses are expected to be negligible L-Band AEW on , Band AEW on X-Band on General
for designs 1, I, and IV because their integration System Boeing 707 Boeing 707 Dynamics F-16
times will be short enough to allow coherent integra-
tion with negligible losses. The integration time for 11 13.2 18.5 23.9
each is limited by the beamwidth of the transmitting I1 10.4 15.7 2!.1
antenna or the transmitting array and by the required IV 6.5 11.8 17.2
scanning time through the sector. In design III,
however, the total sector is continuously illuminated
by the broad beamwidth, nonrotating transmitting TABLE IV
antenna. The integration time will be limited only by Ratios of Detection Ranges of Systems II. Ill, IV to System I

the required rate at which data are to be delivered to L-Band AEW on S-Band AEW on X-Band on General
users. Since integration over a few thousand pulses System Boeing 707 Boeing 707 Dynamics F-16
(several seconds) is expected to take place in design
111, some combination of coherent and noncoherent 11 2.14 2.90 3.96

integration will be required. Hence, integration loss Ill 1.82 2.47 3.37
relative to ideal coherent integration cannot be ig- IV 1.45 1.97 2.69
nored. As an example, an integration loss of '- 2.5 dB
is expected for a mixed integration process having a
2000 pulse integration time when coherent integration realistic. P and NP. are affected by, and therefore
of only 100 pulses is possible (2, pt. IV, ch. 4J. limited by, different physical and design phenomena.

Receiver Noise Figure NP. can be larger or smaller than P. Because of the
large possible range in their ratio it is fruitless to take
it into account in comparing the relative merits of the

There is no reason why the receiver noise figures systems. Thus, only the effect of the enhanced aper-
should differ in the four designs.treiinlddnoudscso. ture is included in our discussion.

Table Ill shows the SNR improvement factors due

Adaptive Beam-Forming Loss to the enlarged aperture of the distributed array and
Table IV shows the factors by which the detection

I It is explained later that the three distributed array ranges increase for 0, = 2 rad, 4, = I rad, T; = T.

designs will probably require adaptive self-cohering P'/P = NP./P = e,/2n, n = 0.5 and for three sets

techniques to compensate for fuselage vibrations, of parameters: 1) D = 20k, L - 150A, W = 7k; 2) D

Calculating the loss in the self-cohering procedure is = 50, L = 450k, W = 20k; 3) D = 20A, L = 350k.

beyond the scope of this paper. However, experience W = 35A. The first two sets are realistic for L- and
S-band (A = 0.3 and 0.1 m) AEW radar on a largewith experimental adaptive beam-forminS and scan-

ning systems at the Valley Forge Research Center [131 aircraft such as a Boeing 707; the third set is realistic

indicates that the one-way loss can be held below I for an X-band (k = 0.03 m) radar on a small aircraft

dB. This value will be attributed to designs 11 and Ill such as a General Dynamics F-16. The value 0.5
and a 2 dB loss will be attributed to design IV. chosen for n~ is based upon examination of aircraftmodels and photographs and may prove somewhat

Combiled Relative Lmes optimistic. For n = 0.25, systems II and Ill lose 3
dB in SNR gains and system IV loses 6 dB.

T t a i p nThe SNR gains of systems 11, 111, and IV relativeamples given below. Expressed in decibels, the ratios to system I (shown in Table 111) are also equal to the
amples~ ~ ~ ~ ~ ~ ~ I gie eo.Epesdi eies h aios amount by which the total transmitted powers of the* of the loss factor M, to the losses in systems t1, 111,yst b e derased we ma tn

and IV are -idB, -3.$dB, and -4.7dB. distributed systems can be decreased while maintain-
ing the same detection range as the conventional

INCREASE IN SNR AND DETECTION RANGE system.

In comparing the four systems it is tempting to AN AEW EXAMPLE

assume either that their average powers are equal or
that their average powers per unit azimuthal angle are Consider the long range detection problem with
equal. However, such assumptions are not necessarily the following radar and target parameters:
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TABLE V
Average Transmitted Power Required to Achieve 650 km Detection Range

System n0.1 - 0.2 - 0.3 n - 0.4 -0.5

I 33 kW (not a function of n)

II 5.86 kW 2.93 kW 1.95 kW 1.46 kW 1.17 kW

[if 11.15 kW 5.58 kW 3.72 kW 2.79 kW 2.23 kW

IV Total 136.98 kW 34.25 kW 15.22 kW 8.56 kW 5.48 kW
per module 76 W 9.51 W 2.82 W 1.19 W 0.61 W

o=lOm' W=2m
,200 Hz -- 0.5 POTENTIAL FOR HIGH ANGULAR

RESOLUTION

4=O.! m P'/P = NP./P = ./2n

D = 50A M,/M2 = -1.0 dB The minimum available beamwidth of an aperture
of length D operating at wavelength A is the order of

L =45 m M,1M 3 = -3.8 dB AID rad. As an example, the typical horizontal aper-
kT - 4 x 10"" W/Hz M,/M, = -4.7 dB ture of an X-band nose-mounted radar antenna is 20

4-wavelengths. Its beamwidth is 1/20 rad or 3°. At a
A = 10 dB SNR = 13 dB (correspon- radar distance of 20 km the beam cross section is 1
T;=T, = 10s ding to 0.95 prob- km. The beamwidth of the radar in the Boeing E-3A

ability of detection Airborne Warning and Control System (AWACS) is
1 rad and 10"' prob- the order of I o.

. 2 rad ability of false Now imagine that the receiving aperture is spread
alarm) over the airframe. The effective size for any direction

=650 km (desired of view is the projected length of the airplane as seen
detection range). from that direction (Fig. 2). The effective length fordeor ) most aircraft is close to the length of the fuselage or

The average transmittted power required to the wing span regardless of direction. The fuselage of
achieve 650 km detection range for the four systems is the Boeing 707 is 45 m in length. An aperture of this
shown in Table V for several different values of ele- size at L-band (30 cm) is 150 wavelengths. The beam-
ment deployment efficiency n. The differences are width would be 1/150 rad - 6.7 mrad = 0.38 *.

dramatic. Whereas an unrealistic 83 kW is required Table VI gives the beamwidths at several wavelengths
for the conventional, monostatic design, less than 5 and includes the resolving power of human optics for
kW suffices for a bistatic system with a large, comparison.
distributed receiving array. It is seen that the optical resolution of the radar

operator, with his eyes and brain, is the same order as

SIDELOBE LEVEL OF A RANDOM ARRAY the potential resolution of a distributed array installed
on a large aircraft and operated at the shorter radar

One of the important parameters in system perfor- wavelengths. Thus, the potential exists for providing
him with an all weather, all around looking, night and

mance is the average sidelobe level (ASL) of the array h im with an awte a au lk ,i n
in the receiving mode, which is I/N 7]. The pattern day, microwave imaging system with as fine a resolu-
of the transmit-receive array is the square of the tion as he himself has with his eyes and brain.
radiation pattern of the distributed receiving array
and, hence, ASL for this case is I/Ns. The factor of PHASE SYNCHRONIZING THE DISTRIBUTED
N advantage is of considerable importance in detec- ARRAY
ting targets in clutter, which, therefore, makes system
IV preferred over systems II and Ill. However, the The fundamental problem of cohering or phase
improved two-way sidelobe pattern is of no advantage synchronizing the array is that the airframe is not
with respect to jamming; all systems will perform ac- rigid and that its skin vibrates. The problem is less
cording to the I/N ASL of the receiving array. Since serious at L-band than at X-band because the posi-

!. the one-way average sidelobe level is not likely to be tional tolerance (A/4w) is 10 times larger. Nonetheless
less than -35 dB, other electronic counter- techniques which compensate for element position
c countemeasure techniques must be designed into such uncertainty will be needed if the bulk of the entire air-
a system. Adaptive nulling is very attractive in this frame is to be available for the radar array. It is ex-
regar 110, 12, 151. pected that self-cohering or adaptive beam forming
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will be required. A method suitable for airborne use DIRECTION

for systems 11 an II1 is described in [7). It is a self- EFFECTIVE Of VIEW
cohering process which forms a retrodirective 13, 41 LENGTH

beam upon echoes from land or sea clutter. The
search algorithm for obtaining the reference signal for
the adaptive beam forming process is described in (5,
6]. Early experimental results using this algorithm are
given in 113. 19). The transmit-receive problem
(system IV) is much more complicated. Active
retrodirective techniques have been designed for the
solar power satellite (SPS) concept 1141.

OTHER PROBLEMS

Many other problems confront the designer, Fig. 2. Effective array length is projected extent of aircraft normal
although none so fundamental as the one above. The to direction of view./
companion problem to the adaptive phase syn- TABLE VI
chronization problem is scanning the receiving array Beamwidths of a 45 m Aperture and the Human Optical System
following adaptive beam forming. This problem has
been solved [13, 141. The tolerance theory regarding Physical Aperture A(m) Beamwidth (mrad)
element position uncertainty is understood [71. The
next major problem is the development of methods of Boeing 707 3 X 10-1 6.7

adaptive beam forming of a transmitting array on a Boeing 707 3.2 x 10-' 0.7
moving aircraft. The SPS work already done will be Boeing 707 8.6 x 10-' 0.2
helpful 1141. Some of the other design problems are
those typical of phased array designs (types of Human eye S x 10" 0.3
elements, single elements versus subarrays or clusters,
methods of mounting, polarization, and bandwidth) design is more attractive. System IV radiates from the
while others relate specifically to the self-cohering distributed array. It is a much more complicated

* system (methods of phase conjugation and reference system than system i11, but it offers a very much
phase distribution for adaptive transmit-receive array, lower two-way sidelobe level. It exhibits SNR and
effects of multipath and scattering from the ground or detection range poorer than designs II and III for the
sea surface and from reflections within the array from same total transmitted power. SNR performance
the aircraft structure, interconnections between (relative to designs 11, 111) decreases linearly with the
elements and the signal processor, real time adaptive deployment efficiency factor n. Differences of nearly
signal processing, and display). 4 dB and I I dB in SNR performances relative to

design III are estimated for n - 0.5 and q - 0.1,
respectively. Therefore design IV is preferred only if

OBSERVATIONS REGARDING SNR AND the reduced two-way sidelobe level is essential.
DET ECTION RANGE

SUMMARY

The results shown in the tables are very attractive.
They indicate that the distributed airborne array will The improvement in SNR and detection range due
be useful when large detection range with low to distributing an antenna array throughout the air-
transmitted power is required. In addition, the frame and skin of an aircraft is examined. SNR for-
distributed airborne array is useful when adaptive mulas for three system configurations are presented
nulling close to the beam axis and better angular and compared with that of a conventional, monostatic
resolution are desired. radar. Each of the new systems uses the distributed

In systems I, II, and III a single transmitter array for reception. One of them uses a separate, high
radiates the full power. System II1, using a single low gain, rotating transmitting antenna while another uses
gain nonrotating antenna, is far superior to the other one of the receiving antenna elements for transmis-
two mechanically but requires a more complicated sion. Both designs are bistatic. The third new system
signal processor to simultaneously form many recelv- uses the entire distributed array for transmission.
ing beams in azimuth as well as in elevation. In addi- SNR and detection range performances for each of
tion, it must provide efficient integration over To. In the three distributed systems exceed those of conven-
SNR performance, system III is slightly poorer tional, monostatic radar. The X-band example gven
(about 3 dB) than system 1!. However, by not requir- in the paper shows a potential detection range increae

j ing the massive rotating antenna used in II, the third as large as a factor of 4.
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Radio Camera Experimnwt with Airbone Radar Data
BERNARD D. STEINBERG AND ELI YADIN

Abamrct-The radio camera signal processing algorithm for retrodirec-
five adaptive beamforming and scanning is demonstrated to work sue-
ceufully on radsr clutte echoes. The experiment wu conducted with
airborne radar data obtained from the Naval Research Laboratory.

A radio camera is an imaging radar with too large an aperture to en-
sure that the aperture is mechanically stable. Retrodirective adaptive
beamforming techniques are used to cohere or phase-synchronize the
array. The receiving beam, after it is self-cohered upon the reradiation
from some target outside of the array, can be scanned in angle by con-
ventional, open-loop phased array techniques.

The frust experimental radio camera demonstration of high angular
resolution imaging appeared in 1979 11]. In that experiment, a highly
distorted, 27-m array, consisting of 100 randomly located sample
points, self-cohered on the backscatter from a corner reflector at 210
m. The experiment was conducted at X-band. Thirty meters more

Manuscript received July 29, 1981. This work was supported by the
Naval Research Laboratory and the Air Force Office of Scientific
Research.

The authors ae with the Valley Forge Research Center, Moore
School of Electrical Engineering, University of Pennsylvania, Phila-
delphia, PA 19104.
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distant was a target group consisting of two corner reflectors. The REFERENCES
beamforming reflector and the target reflectors both were in the near [i B. D. Steinberg, E. N. Powers, D. Carlson, B. Meaher, Jr., R. S.
field of the array. in the experiment the adaptively formed beam was Berkowitz, C. N. Dorny and S. Seeleman, "First experimental
refocused to the target range and scanned in angle across the target. results from the Valley Forge radio camera program," Prec. IEEE,
The resulting image was indistinguishable from the calculated response vol. 67, no. 9, pp. 1370-1371, Sept. 1979.
of the system when operating in free space. (2 1 B. D. Steinberg, "Radar imaging from a distorted array: The

The experiment reported in this letter used airborne radar data ob- radio camera alaorithm and experiments," to be published in IEEE
taned from F. Staudaher of the Naval Research Laboratory. An 8- TranL on Ant. & Prop., Sept. 1981.
element UHF phased array was flown at 200 knots at an altitude of 13) -, Principles of Aperture & Arny System Design. New York:

Wiley. 1976.
15 000-20 000 It over the southeastern portion of the U.S. The 141 B. D. Steinberg and E. Jadlovker. "Distributed airborne array con-transmitting pattern was Dolph-Chebyshev-weighted for -24 dB side- cepts," to be published in IEEE Trans. Aerospace Electro. Syst.lobes. The received radar echoes were separately recorded on each of

the 8 channels in a specially designed, high quality digital recording
system. Demodulation was coherent and the in-phase and quadrature
video channels were recorded with 10 bit precision. A functionalsketch is shown in Fig. I.

One object of the experiment was to test whether the radio camera

algorithm would operate successfully upon ground clutter. Since the
army was rigid, its proper performance could be predicted and, hence,
compared to the performance of the adaptive system.

The radio camera algorithm used in the experiment is described in
(2). The algorithm consists of three parts. First, the variance of the
amplitudes of the group of echoes from each range bin is measured.
The range bin having the lowest echo variance, when normalized to the
average echo power in that range bin, is selected as the reference range
for the system. Next, the processor either multiplies the complex
sample at each array element from each range trace by the complex
conjugate of the echo at the reference range or, more simply, merely
phases rotates the received echoes by the phases of the complex conju-
gates of the signals at the reference range. This is the adaptive part of
the process. Lastly, the processor applies Linear phase weighting across
the array to electronically scan the adaptively formed beam in angle.

The object of the rst step is to find a target or a clutter patch whose
reradiation most closely approximates that of the point source. The
object of the second step is to self-cohere the array upon that target.
The object of the third step is to scan the beam in angle to the left and
right of that target.

The solid curve of Fig. 2 shows the pattern which resulted from the
adaptive process. As is explained in 131, the beam which is formed by
the adaptive procedure is directed toward the dominant scattering
center in the illuminated ground patch in the range bin selected by the
signal processor for adaptive beamforming. Hence, the origin will
usually differ from the beating of the transmitting array. In this experi-
ment the difference turned out to be 0.07 rad or -0.3 x/L (x - wave-
length. L - antenna length). The bearing of the transmitting array was
fixed at 0.6* from the flight direction. The dashed curve shows the
receiving pattern of a uniformly weighted 8-element array associated
with conventional nonadaptive beamforming. The origin of that pat-
tern which is the bearing of the transmitting array has been shifted by
0.07 rad so that the adaptive and nonadaptive patterns can be com-
pared. The results are very similar, indicating that the adaptive process
worked well. The smallest echo variance observed was 0.0026.

Satisfactory results have been obtained when the normalized echo
amplitude variance is 0.025 or smaller. The largest echo variance ob-
served was 0.77. Adaptive beamforming on such a range bin is not
fruitful. On the other hand, it is possible to self-cohere the array on
the echoes from a low-variance bin and scan the adaptively formed
beam at all other ranges. Fig.* 3 is an example. There the beam is self-
cohered at the range bin used in Fig. 2 and then scanned at the range

,, bin having the 0.77 variance (solid curve). The response of the rigid,
electronically scanned phased array is shown dashed. Again the agree-

l ment is excellent.
While this experiment has shown that the algorithm works on pound

clutter having the proper statistical properties, it has not disclosed the
frequency of occurrence of such clutter cels. This knowledge is
necessary for system design purposes but unfortunately is not avail-able from the experiment because the transmitting beam of the rigid

array was the same width as the receiving beam of the self-cohered
aray. In contrast, the contemplated airborne radio camera designs use

ta small, broad-bean transmitter in conjunction with a large, receive-
only self-cohered aperture having a very narrow beamwidth 141. This
matter remains to be studied.

- - ---



* I. INTRODUCTION

An airborne radar with a phased array the size of the
aircraft would have many desirable attributes [I1: (1) for

Phase Synchronizing a fixed transmitter power, the large aperture would pro-
vide unusually large detection range; (2) for a given

* Nonrigid, Distribited, desired performance, the transmitter power could be
reduced dramatically; (3) the small horizontal beam-

Transmit-Receive Radar width would offer a resolving power approaching
human vision, which is a few milliradians; (4) adaptive

Antenna Array interference cancellation circuits [2-41 operating from
the large aperture would suppress jamming very close to
the beam axis.

An aircraft-size array would consist of flush-
mounted antenna elements distributed throughout the
skin of the aircraft. Structural members, doors, win-
dows, etc., would preclude a regular distribution of ele-
ment locations. Furthermore, the nonrigidity of the air-
frame and skin would displace the elements from their
design positions when in flight. Thus the design prin-

BERNARD D. STEINBERG. Fellow. IEEE ciples must be based upon the properties of the random

University of Pennsylvania array [5, 61 and self-cohering or adaptive beamforming
techniques must be used to compensate for the time-
varying positions of the array elements (7-91. Such a
system is called a "radio camera."

Adaptive beamforming is a retrodirective process in
rA eman ie drbe wr fo.l g u mW es, The , which a beam is focused upon a synchronizing source

trlit-receve mes, irmy hr .- hi aherndl. 1"he m- external to the array [ 10, 11]. The synchronizing source
1usi we q*NqP k to imoseiU4med o sliphalU I as w-d. for an airborne radio camera must be another aircraft, a

dsre nc-rb1e forlalx ,t dwmy,, t e t l mty surface target, or clutter [121.
mlamvave ilUisteu. Th"i pds of plirse eoama ee- An airborne radio camera can use a conventionally
aiquw and means for distibe q sbmse ,rence tod m i designed transmitter and a distributed receiving array.
the array ar the cMrUIl para at the paper. Alternatively, transmission as well as reception can take

place through the self-cohered array. The latter is a
much more formidable problem. Means for accom-
plishing it is the subject of this paper.

The main reason for accepting the increased com-
plexity of the transmit-receive system is because of the
poor sidelobe properties of the one-way pattern. The
sidelobes of the random array are high because of the
random locations of the elements: the average sidelobe
level is N" (N = number of elements) [5 and the peak
sidelobe level is 10 dB higher or more [6). By transmit-
ting through the same array the side radiation pattern is
squared, average sidelobe power level (ASL) drops to
N', and PSL - 100 N.

Symbols and abbreviations used in this paper are
ASL average sidelobe power level

Mauscripe reived October 20. 1961; -vd Mwrh c5 and Aped 12. BPF bandpass filter
1962 N number of elements

p Author's address: Vally For Rs rch Center, The Moore School
of Electrical Ensineerins, University of Pennsylvania, Philadelphia. PCC phase conjugating circuit
PA 19104 PLL phaselock loop

f This work was supported in pan by the Air Force Office of Scientific PSL peak sidelobe power levelReseach mi ha part by the office of Naval Researc.SiVCO voltage controlled oscillator

VCPS voltage controlled phase shifter.
001I-91/12/090,M 100.75 C 112 IEEE
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Fig. I. Adaptive beamforming transmit-receive array without auxiliary transmitter.

!1. INITIAUZATION OF THE ARRAY lower frequency for initial synchronization on a target
reflection, for then the lobes of the reradiation pattern

Synchronization or self-cohering of a random, are widened by the frequency ratio, thereby easing a
distorted receiving array has been amply demonstrated size-limitation tolerance on the synchronizing source
19. 271. An external reference field is required, as in [8]. Instead of a passive source the auxiliary radar could
holography. Measurements of the field disclose the actuate an active beacon which would radiate to the ar-
phase corrections to be made at each antenna element, ray at the design frequency to self-cohere the array. This
The array is then scanned as a phased array. When avoids the angular offset or "squint."
transmitting through the same array, however, a logical (3) A rigid subarray of the full system can be used
difficulty is encountered. The external reference field for coherent transmission of a broad beam to establish
needed to cohere the array must first be set up by the the reference field.
transmitter before the array can be used for transmis- (4) The entire array can be driven noncoherently
sion. prior to self-phasing, in which case the average power

A variety of techniques can be used to break this density is A' times the full power density of the system
conundrum. after the array is synchronized. Although this loss is

large, it can be compensated through use of a beacon or
(I) The first is to overdesign the transmitter by the by initializing on the reflected signal from a nearby

necessary margin of N, the number of antenna target. The squint problem is avoided since synchroniza-
elements, which is the relative gain of the synchronized tion is at the system frequency. The method is effective
array to the nonsynchronized array. This is a costly when synchronizing upon target reflections because of
choice. the R' dependence of received signal power on target

(2) Use a separate high gain illuminator for initial distance. To overcome a 30 dB initializing disadvantage
synchronization and transfer power to the array after- (N - 1000) the reference reflection must be located no
wards. This is a sound approach when an auxiliary further than 18 percent of the maximum distance at
transmitter is available, which it could be placed if the transmitters were

The auxiliary radar transmitter could be a nearby cohered. This distance reduces to 10 percent when N =
radar operating in the same frequency band but not at 10". This technique, appropriate for an airborne system

/ the same frequency. Target reflections at that frequency using ground or sea clutter for the reference target 112,
can successfuily phase synchronize the receiving system. 28). is illustrated in Fig. 1. Two modules of the array are
Phase conjugation of the received waveforms results in shown. Each consists of an antenna element, circulator
a receiving beam focused at the source (7-91. However. (or other diplexer), receiver, phase-stable reference
since the transmission of the phase-conjugated waves oscillation common to the entire array. trap-nitter
from the antenna elements is at a slightly different fre- phase shifter, mixer, local oscillator cohered in th, 4den-
quency, the transmitting beam is offset somewhat, an cy to the reference wave, and pulsed power amplifier.
effect which must be prevented by special phase con- To initialize the system each module radiates an RF
jugation circuits of the the type described by Chermoff pulse having common system frequency w. and random
in 1131. An important advantage is obtained in using a phase. The instantaneous transmission phase of the

., j610 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. AES.II. NO. 5 SEPTEMBER I2
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Fig 2, Phase conjugation schematic

wave from the ith module may be designated w'ot + 4.. - 61). The sidebands are symmetrically displaced about
This wave arrives at the synchronizing source with delay the locai oscillator frequency and the lower sideband has

olt + 4, - +,, where 4,. is the phase delay from the the desired phase. Further, if the local oscillator fre-
module. The combined illumination at the reflector or quency is made exactly twice the frequency of the re-

eaon eJ +, hceived signal. the lower sideband is exp(I(asot - ,til.beacon is a expJAW + 46i - 4b,. the instantaneous In Fig. 2, the input signal at frequency w and phase

phase of which is uV 4- 0,. the subscript meaning source. 4 (indicated by the instantaneous phase owa + 4) is pass-
The source wave is returned to the array with a different ed through a circulator where it mixes with the second
phase delay 4), at each module. Thus the signal phase harmonic at an arbitrary phase +o. The difference fre-
received by th 1 jth module is t + 0, - 4t,. quency output of the mixer, at wo, is passed by the

To focus the transmitting beam upon the source the bandpass filter to the amplifier. The phase of this signal
radiation from the jth module must be changed from woat is w~t + 4 - 4. This signal is amplified and radiated.
"b, - 6), to Wt -4- , + (00 where cP, is an arbitrary Provided that +, is constant across the array, the radia-
phase constant across the array. This is the phase con- tion is retrodirective.
jugation step needed to achieve retrodirectivity, which is This circuit is useful for illustration but has two
the heart of the process. limitations which keep it from being a practical circuit.

First, the down-converting mixer is a source of trouble
i1. PHASE CONJUGATION TECHNIQUES because of the harmonic relation between the signals at

its inputs. Being a nonlinear circuit the second harmonic
Retrodirectivity requires phase conjugation at each of its fundamental frequency input will be generated. A

element, which in turn demands symmetry with respect current due to the second harmonic will flow in the
to some reference. If 4x;,0 ) is the phase of the received source impedance of the second-harmonic input circuit,
wave at position x in the array due to a synchronizing thereby altering he phase of the reference signal at 2wo.
source at angle O, and 4+(x-,9o) is the transmitted phase Also direct feedthrough of the input signal to the output
variation needed to achieve retrodirectivity, the required will alter the phase of the output signal. Either the fre-
relation is +7<(x;x0 ) - - +4x,0 ) plus an arbitrary cons- quency of the reference signal must be different from
tant. This equation implies the existence of some 2wo to avoid these troubles or the mixer must be careful-
reference phase from which 4) T and obi may be measured. ly balanced so that neither second harmonic generation
The symmetry can exist in more than one domain, nor input-output leakage will affect the phase of the
Spatial symmetry is utilized in one of the oldest forms of radiated wave.
retrodirective array, the Van Atta array (14, 15l. Sym- The second problem is that this circuit transmits an
metrical sidebands in the frequency domain is another. amplified replica (with conjugated phase) of the receiv-

- A third is paired, symmetrical phase shifters. ed radar trace concurrent in time with the received
Dependence upon spatial symmetry is inappropriate signal. However, the desired transmission is an RF pulse

for an airborne array distributed about the airframe. (with conjugated phase) occurring at a later time. This
Here the array is assumed to be distorted, random, and means that the echo received from the synchronizing
highly thinned, source must be sampled, its phase extracted, conjugated

The other two techniques are practical. The use of and applied to an oscillation at the echo frequency,
symmetrical sidebands is illustrated in Fig. 2. Let a which is gated at the appropriate time, amplified, and
signal characterized by the real (or imaginary) part of radiated.
expj(otW + 4)) be received and heterodyned (mixed) Figs. 3-7 show several circuits for aceomplshilg dhs
with a local oscillator at frequency t#ao. The mixer prod- task. They differ in their means of storage of the phase
tucts am exp(j[eao + "0)t + 4J and exp(j(ao - o)' information (as the phase of a cohereWt cadilator, e.,
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K H ...-,... i+ __-



RF IF INPUTS FROM

INTERFACE OTNEN MOOUILES

_1F I

I A ISIGNAL

ELEMENT ,- -I OTU

TRANSMIT
PULSE

Fig. 3. Phs conjuulon ca uaI.

as in a phaselock loop (PLL) [16-2 11, or as a digital shifter then becomes wot - 4 - 6 + (3. Let the phase shift
number is the signal processor of the system), according be '1 in the transmitting chain from VCPS to the antenna
to whether control of the phase shifter through which through the transmitter and circulator. The radiated
the signal to be transmitted is passed is open loop or wave becomes too - 4 - d + (3 + a + 7. Its phase is in
closed loop, and according to the choices of corm- error by -6 + ,7. The variance of this error (in square
ponents, e.g., analog versus digital phase shifters. radians) across the array, multiplied by 10 log e. is the

Fig. 3 shows a means of phase conjugating when a expected loss in array gain in decibels I 12]. For example.
digital signal processor is used to combine the signals 1/4 rad' phase error variance leads to a loss in mainiobe
received from the distributed array elements. The gain of i dB. Thus each module must be carefully tuned
received signal is shown as an echo pulse having instan- to balance the phase shifts in the receiving and transmit-

: taneous phase oot + 4t. It is heterodyned to IF by a local ting chains.
S oscillator at frequency toLO having some arbitrary phase The circuit of Fig. 3 stores the signal phase in the

a. The LO is assumed to be cohered to the reference signal processor and uses open-loop phase control. The
wave at the intermediate frequency to. The phase 13 of next circuit (Fig. 4) retains open-loop phase control but

" the reference is assumed to be constant across the array. remembers the signal phase in a PLL. This circuit
The IF pulse, with instantaneous phase wit + + - , is also demonstates the use of pained, symmetrical phase
delivered to the signal processor. The signal processor shifters. The receiver chain is the same as in Fig. 3 to
measures the phase relative to the phase of some point A, at which point the circuit branches. The receiv-

t reference element in the array, whose phase is arbitrarily ed signal continues to the signal processor as before. It
identified as zero phase. Since all signals entering the also is applied to the input port of the phase detector in
signal processor experience the same phase offset a, the a PLL in which the controlled element is a VCPS rather
local oscillator phase cancels out. The negative of the than the more common voltage-controlled oscillator
measured signal phase 4 is delivered as a control voltage (VCO). The control voltage in the loop drives the phase
tO a voltage controlled phase shifter (VCPS) in the of the signal at the VCPS to be in quadrature with the
reference signal path. The output, having instantaneous input IF signal. As in the earlier system the signal
phase wit - 4 + Il, is up converted to form the transmit- through the VCPS is the reference oscillation at co with
ted wave. The transmitted phase is weo - 4 + 13 + a. Pro- arbitrary phase 1. Hence the loop drives the VCPS to a
vided that (3 and a are constants across the array, the phase shift 4 - a - 13 - ft/2. Ganged to the VCPS is a
transmitted wave is the phase conjugate of the input matched phase shifter with opposite phase. Its phase is
signal. -44- +13+ )+ n/2. While the phase of the VCPS is set in

The accuracy to which the signal processor measures a closed loop, the paired phase shifter is set open loop.
.," 4 (or -4) is influenced by noise and multipath. Carefully matched analog phase shifters are required:

k - However, the precision with which this measurement is otherwise digital phase shifters must be used.
made and held for delivery to the phase conjugation cir- Digital phase shifters generally are preferable. The
cuit can be made arbitrarily fine; it is determined by number of discrete phase-shift components required is
how many significant figures or bits are used in the easily calculated. If m is the number of quantization bits

•measurement. Thus the quality of the deivered value -* and M is the number of levels of quantization, the
ineed be no poorer than that of the measured +4. relation between them is given by M - 2. The loss in

Errors develop when the phase shifts through the gain as a function of the number of quantization bits is
system are not tuned out. Let the phase shift bedc from 1121
the antenna to the VCPS through the circulator,
recever, and signal processor. The output of the phase loss in gain (dB) 20 log sin(/2)/(n/2"). (I)
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phase of the input echo by/) - to zero the comparator the beam displacement exceeds the beamwidth of the
output. Only a single cancellation loop is needed as large array and no synchronizing source resides within
there is only a single parameter to be varied. A latching the transmitting beam. A phase conjugating circuit
phase shifter, such as the digital phase shifter discussed devoid of squint is required if this problem is
earlier, is required. After loop convergence is completed anticipated [131.
the phase shift is frozen, the switches are thrown and The reason why the angle distortion arises is that the
wot - * + 21 is radiated. phase is measured and conjugated at one frequency but

radiation takes place at another frequency. The error is
IV. ERRORS IN PHASE CONJUGATION eliminated if the phase shift resulting from the conjuga-

tion process is correct at the new frequency. Then the
Two types predominate. The first is a random phase radiation pattern of the retrodirective array is

shift due to mistunings in open-loop portions of phase
conjugating networks. The second is a linear phase shift f(u,uo) = fio(x)expUk'x(u - uo)ldr]k'(u - uo)] (7)
due to a frequency offset. The former constitutes a ran-
dom variation in phase across the array, the effect of The argument of the function is k'(u - u.). The
which is loss in mainlobe gain as described earlier. beamsteering angle, therefore, is ue. Hence the frequen-
Assuming a I -dB total loss budget for the entire system, cy change is no longer reflected in an angular displace-
the allowed phase error is about 1/2 tad rms. It is evi- ment. The sole effect is a change in the angular scale,
dent that the allowed random error in phase conjuga- measured from u, by a factor k'Ik. This scale change is
tion is smaller still. Frequency offset, which has been of no consequence in adaptive beamforming.
ignored in the preceding section, may occur in two
ways. First, the initializing microwave illuminator may
be at a somewhat different frequency from the transmit-
ting array. Second, the need for isolation between low- V. PHASE REFERENCE
level incoming signals and high-level outgoing signals
may force a frequency offset. The effects are the same A reference oscillation with constant phase wt + P is
in both cases. required in every module in the array. This signal must

The magnitude of the frequency offset is determined be derived from an oscillator arbitrarily located in the
by the manner in which the phase is conjugated. The array and delivered to each module by a circuit or sub-
simplest way is to adjust the phase shift at the initial fre- system. A frequency-stable and phase-stable oscillator is
quency and accept the error which results. Let the assumed as well as a frequency synthesizer capable of
reflecting source be at angle 0, - sin-luo from the array generating the local oscillator waveform.
normal and the initializing (self-cohering on reception) Cables of equal and constant lengths can deliver the
frequency be w' - k'c. The phase of the wave across the reference wave from the source to each module. This is
array is i6R = k'xu. Let i0 (x) be the excitation across the a practical technique when the array is compact and the
transmitting array. Let the conjugated phase be - k'xuo modules are contiguous. It becomes impractical when
and let the wave-number of the signal transmitted by the the array is large and distributed. Furthermore, being an
array be k. The radiation pattern becomes open-loop system, differential phase changes between

cables due, for example, to temperature differences or
A~u;uo) = " io(x) exp( - jk'xuo) exp(jkxu) dr mismatches at connections are passed directly as phase

errors to the modules.
Sf x) exp(jkx{u - [(k'/k)u*]} dX. (4) Circuits have been devised to deliver the phase

reference from source to module, or from module to
Note that the beam no longer points to us but to k'ue/k. module. The major impetus to date has been design
The error or displacement work for the Solar Power Satellite [22, 23). Fig. 8 il-

-- lustrates a method due to Lindsey [241. It consists of
Aft0 - ao(l - (k'k)l - uo[l - (W'/.)] (5) two distinct circuits separated by a cable having ar-

bitrary phase delay A. The reference signal passes be-
is called the squint angle. Equation (5) can be rewritten tween circuits via this cable at frequency w. It b provid-

ed to each phase conjugaPing circuit at twice that fre-
IAu./u.I - [A /I (6) quency and at the cmmon reference phase P. Thus In

the left cicuit of Fig. 8 is a reference soce of frequency
indicating that the magnitude of the frational change in 2w and phase 3.
the beansteering angle equab the magnitude of the fra- The upper left circuit is a PLL. Its VCO phase is ot
tioal change in the frequec. The argm typical value + 1where, for the moment, 41is an arbitrary vable.
of Ar Is the receiver bandwidth. Rarely will the angular Oscillator output is taken from the loop and pe d, via
displacement eceed me or a few percent of the scan the first dlplr (dwm a a circuator), to the cabe,
angle. Such male dsrtion will be unportM unless which ddky t + - to the rit4mad irvi
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Fig. 8. Frequency and phast-refertec delivery circuit (from 1241).

There the cable-delivered signal is doubled in frequency Unless there is sufficient isolation in the circulator from
to provide the reference 2w + 24. - 2A for the second ports A and B, the loop will oscillate. The amplifier is need-
module. In this way both modules are driven by the ed to overcome the signal losses to the cable in both direc-
same reference frequency. It is shown below that they tions. Hence the signal level delivered back to the circulator

are also driven to the same phase. as port A is larger by the gain of the amplifier than the
Prior to frequency doubling in the second module, signal delivered by the circulator at port B. The ideal cir-

j the amplified wave at wt + +o - A is fed back to the culator (or other diplexer) provides zero coupling betwcen
ports A and B; the practical circulator has limited isolation.

second diplexer and returned to the first module. Its To avoid the danger of oscillation the isolation must exceed
phase is further retarded by the cable delay A. It is pass- the amplifier gain which, in turn, must at least equal the
ed by the circulator to the mixer where it is heterodyned two-way cable loss. Hence the maximum allowed cable loss
by the 900 phase shifted reference wave. The lower side- is limited by the isolation available in practical circulators.
band is selected by the bandpass filter (BPF). Its output A small modification to the circuit avoids the more
is the input to the phase detector of the PLL. The in- serious of these problems. Fig. 9 shows the reference
stantaneous phase of this wave is ctt - +, + 2A + P + source frequency to be m times the VCO frequency and
wi/2. The other input is ot + 4, delivered by the VCO. the frequency of the return signal to be nw. The VCO
The low-pass filtered output of the phase detector is signal wt + +. again is delivered by cable to the next

zero when the loop drives the phase difference between module, amplified, and returned. The return signal is

the inputs to 900. Hence2+e - 2A - - 0 or P = 2+, - frequency multiplied by the factor n, delaycd by the
2, which is the condition sought. Tus both modules cable, and mixed with the reference in the down con-
have wh sme thfencitonsht Thus boh md dles o verter. The phase of the output of the BPF is (m - n)wthave the same reference phase 2cot + (3 independent of +p-~ n+lA+w2+ P -n* + (n + )a + n/2.
the cable length between them. Other modules are fed in The VCO output is multiplied in frequency by (m -
the same manner. n) to equate the frequencies of the phase detector in-

The circuit as drawn in Fig. 8 is subject to several puts. The loop drives these signals into quadrature,
phase error sources. First, the nonlinear mixer will resulting in the phase equation m40, - 0 - (n + I)1
generate harmonics of the input signal. The second har- = 0, which implies that the instantaneous phase of the
monic will add to the reference source at 2w to produce reference source mat + j3 - mow + mob0 - (n + )),1. [
a net reference signal with altered phase. In addition, The output to the next module is derived from a fre-
feed through the mixer at the fundamental frequency quency multiplication, by the factor m, of the signal

will alter the net phase of the signal delivered by the delivered by the cable; its phase is mwt + m4. - mA.

bndpass filter to the phase detector of the PLL. The only condition required to equate the last two ex-
pressions is m = n + 1. When this condition is met the

Te second source of phase erors is the phase shifts desired phase reference is transferred from the first to
through all the nonclosed-loop controlled portions of the the second module. In addition, the need for the fre-
circuit. The circulators, the bmndpass filter, and the signal quency multiplier (shown dashed) which follows the
eturn )oop are examples. This is a tuning-type p1oblem VCO and drives the phase detector is eliminated; instead

common to all the preceding circuits as well. a direct connection may be made.
Last, the signal-return loop has a special problem. System frequencies are dsermined by the choice of a
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convenient VCO frequency w and the desired frequency illustrated. When the calibration transmitter is con-
offset w(n - 1). The variable n must be small so that the nected in the SYNC mode (switches thrown to S), radia-
bandwidths of the circulators and the delay time are not tion of the system reference at some arbitrary phase
exceeded. n need not be integral; using modern frequen- from some arbitrary antenna within the array drives the
cy synthesizer techniques frequency multiplication by PLL to a frequency w'. The phase w't of the VCO in the
ratios of integers is easy to obtain. Thus n can be made calibration transceiver is the reference phase of the
close to unity. A value of 4/3 permits an adequate fre- entire system.
quency separation between the input and the output of After the loop is locked the VCO output is
the mixer while not requiring excessive bandwidth of the heterodyned to RF and radiated. Its frequency is wo., the
components. The reference phase is delivered at 7(a/3 radiation frequency of the entire system. Since there is
when n equals this value, some phase shift a from VCO to antenna, the radiated

waveform is characterized by wof + a, as indicated next
VI. EXTERNAL CALIBRATION to the symbol (1) in the figure. The system calibrates one

module at a time. The system controller (i.e., the central
Random, uncompensated phase shifts in com- computer) turns on each module in sequence. Upon ar-

ponents throughout the module and the reference- rival of the radiated signal (1) at the antenna of the ith
delivery circuits always will exist and will degrade module (2) the phase is fo! + a - 4i5. where +j is the
mainlobe gain as indicated in Section 11. Periodic propagation phase delay. The phase shift through the
calibration or tuning is necessary to limit the loss in antenna in the direction toward the calibration system is
mainlobe gain to an acceptable level. Calibration can be y. Since the phase of the element pattern may be different
manual or automatic in a small system but must be in the direction to the target. yj is explicitly retained in
automatic in a system with large array, this description of system operation. Thus the signal phase

A calibration transceiver outside the array can be after the antenna is Woot + a - 4bi + y,. Similarly, ther
used for ground-based and shipboard installations. The is a phase shift 8j to the input (4) to the PCC. where the
design of Fig. 10 includes a procedure for correcting the phase is at + a - 40i + yj + 8j.
phase of the reference wave at each module and thereby The primary reference oscillator of the system runs
removes the need for a circuit of the type shown in Fig. freely at frequency w delivering w~t + (, to the input (5)
9. One module of a distorted array is shown along with to a digital shifter #.. The initial phase shift is some ar-
the calibration transceiver. Each module has a phase- bitrary value 0,, making the input reference phase (6) to

. conjugating circuit (PCC) and a reference wave. the PCC wt + P1, + 8,. The output (7) of the PCC is
,.-. Assume that the reference wave is stable in frequency

and constant across the array but that the phase varies phase (7) = w.t + P, + 6, - [(a - 4) + y, + d)
from module to module. Call the phase of the reference
to thei th module/, or its total instantaneous phaseat - (0 + 0,)] - c + 2P, + 2, - + ,, - di.

The calibration unit is external to the array and in
the general direction toward which the antenna elements After the wave is heterodyned to RF and passed through
are pointed. Its front end consists of a pulsed transmit- the transmitter. its phase (8) is increased by ip, to

ter and receiver and is similar to the front end of an
array module. The reference oscillation in the array is phase (8) w wt + 2P, + 20, - + +-y,-d,+ ,.
delivered to it either by cable or by radio. The broadcast

4 reference technique (251 is suitable and is the technique V, is added through the antenna (9) and the propalatiOn
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+ 20e + 4,., - 8, + ,1, Once the transmitting beam is formed and focused
on the target the initializing illumination no longer is re-

= - 2! -/ A'ac - / + d, quired. The beam is scanned by modifying the phase
shifts in the same manner that is used in a conventional

+ (I - A')( + 20, + 7. + d,). (8) phased array.
Phase conjugation of the received wave at every ele-

The fir~t four terms are the conjugated phase (+T,) ment is necessary to achieve focused trammission.
plus an arbitrary constant (2M + K(a - y)). The last There are two primary circuit and system choices to
term represents a phase error in transmission from the make in the design of phase conjugating networks. The
ith module, which goes to zero when the gain error goes first choice is between analog and digital circuits. The
to zero. The maximum effect is easily calculated. , 8. second choice is between open-loop and closed-loop
qi, and 8 may be assumed to be random variables inde- control of the phase shift. The bases for these choices
pendent of the errors in the other modules. Their sum is are discussed and several circuits am given. The phase
a random phase error. The magnitude of the net phase conjugating circuit at each antenna element requires a
error 46, is a function of the fractional gain error K of the reference wave of constant frequency and fixed phase.
phase detector. Note that the phase error is not a function Methods for distributing the phase reference across the
of the bias error of the phase detector. array are described.

Using the theory of mainlobe gain-loss referenced in
Section III J121, a tolerance can be calculated for the
phase detector gain error. The random phase error is, at REFERENCES
worst, uniformly distributed to the interval t-n. nj.' The
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